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We demonstrate a promising fiber architecture for generating strong photon-photon interactions.
Exposed-core silica optical fibers possess low-loss guidance between 400 and 1700 nm crucial for
quantum-logic applications. The potential of this fiber is demonstrated by exciting a two-photon transition
within a rubidium vapor using an exposed-core silica optical fiber. Transit-time broadened spectral features
enable measurement of the evanescent-field scale length of ð120 20Þ nm which shows excellent
agreement with the characteristics of the modeled fiber mode ð118 2Þ nm. We observe a two-photon
absorption coefficient of 8.3 cm−1 for one optical mode in response to a transmitted power of 1.3 mW in the
second mode. A clear pathway to an exposed-core fiber exhibiting substantial absorption mediated by a
single photon is identified.
DOI: 10.1103/PhysRevApplied.4.014013
I. INTRODUCTION
Strong photon-photon interactions are a key ingredient to
produce the on-demand and deterministic entanglement
necessary for a scalable, universal set of quantum-photonic-
logic devices [1,2]. The most promising results to date are
generated from resonantly enhanced systems [3–5], which
recently demonstrated a near-ideal two-photon π phase
shift [6]. The resonant nature of these platforms places tight
constraints on the interacting photon’s frequency and
bandwidth. Nonresonant (traveling-wave) systems avoid
such restrictions and demonstrate all-optical switching with
a few hundred photons [7] and broadband single-photon
memories [8,9]. One promising path to creating nonreso-
nant strong photon-photon interactions is the use of two-
photon transitions within atomic vapors [10–14]. The
efficiency of these higher-order atom-light interactions is
directly proportional to optical intensity; thus, an optical
arrangement capable of generating high optical intensities
at the single-photon level is required.
Two main approaches are used to generate these high-
intensity traveling optical fields within atomic vapors.
Solid-core optical waveguides [14–20] with core areas of
approximately 0.1 μm2 produce optical fields outside their
core with peak intensities in the range of approximately
6 GWm−2 per milliwatt of guided power [21]. Such devices
are capable of atom trapping [16,17] and driving two-photon
transitions [14]. These nanoscale cores offer large optical
intensities but only short interaction lengths [20], can be
fragile, and potentially suffer failure after prolonged oper-
ation [19]. A second approach confines a vapor within
hollow-core optical waveguides [10–13,22–24]. The mini-
mum core area demonstrated for hollow-core waveguides to
date is approximately 16 μm2 [25], leading to a maximum
peak intensity in the range of approximately 125 MWm−2
per milliwatt of guided power, capable of driving two- and
three-photon transitions [10–14,23]. Hollow-core wave-
guides offer long interaction lengths, although this comes
at the cost of long vapor-loading times [12,23].
II. EXPOSED-CORE FIBER
Here we present an exposed-core fiber (ECF) architecture
that exhibits many of the best features of the aforementioned
approaches. Light is guided within the ECF’s core, shown in
Fig. 1(a), which is suspended from the outer jacket by three
struts. An opening through the jacket (which extends along
the length of the fiber) allows the surrounding medium
access to the optical field that propagates outside the silica
core. The peak intensity of the optical field in the surround-
ing medium is 0.25 MWm−2 per milliwatt of guided power
for the fiber used here.While currently not demonstrating the
same strong evanescent fields of a tapered fiber, the ECF’s
suspended core architecture offers superior mechanical
strength, enabling long fiber lengths to be used which
compensate for their lower intensity. In this paper, a 30-
cm length of fiber is used, which is 60 times longer than
typical tapered-fiber approaches [14]. The exposed-core*chris.perrella@adelaide.edu.au
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architecture alleviates the months required to load hollow-
core waveguides [12,23,25], with absorption or fluorescence
signatures observed within minutes to hours of exposure to
atomic vapor. These attributes make the ECF architecture
promising for use in quantum-photonic-logic devices which
is demonstrated here via production of photon-photon
interactions.
The ECF is manufactured via ultrasonic milling of an
F300HQ silica rod to form a preform, which is drawn down
into the final fiber diameter on a 6-m fiber tower [26,27].
The resulting ECF has an effective core diameter of 7.5 μm
and demonstrates low-loss guidance between 400 and
1700 nm, measured by using a cutback technique over a
length of 6.7 m; see Fig. 1(b). The fiber presents a low
ð0.12 0.02Þ dBm−1 loss at the wavelengths used in this
experiment, which is crucial for single-photon quantum
applications. Finite element modeling of the ECF shows the
electric field of the fundamental guided mode decays
exponentially outside the silica core with a 1=e2 intensity
scale length of d ¼ ð118 2Þ nm and 1=e2 intensity area
of A ¼ ð0.77 0.05Þ μm2 for the wavelengths used here;
see Fig. 1(c). Experimental near-field mode images
observed from this fiber matched numerical modeling well
[see Fig. 1(e)], and power outside the core is due to imaging
artifacts. The integrated power in the evanescent field on
the exposed side of the core is 7 × 10−5 of the fundamental
mode’s power.
III. EXPERIMENTAL SETUP
To mediate photon-photon interactions, the fiber is
surrounded by a rubidium (Rb) vapor which possesses a
strong two-photon transition; see Fig. 2(a). The 5S1=2 →
5D5=2 two-photon transition of Rb is enhanced via stepwise
excitation through the intermediate 5P3=2 state of linewidth
Γ5P ¼ 6.1 MHz. Lasers at 780 and 776 nm, frequencies
ω780 and ω776, respectively, are tuned to the 5S1=2 → 5P3=2
and 5P3=2 → 5D5=2 transitions, frequencies ωSP and ωPD,
respectively. The 5D5=2 excited state has a lifetime of
238 ns (linewidth of Γ5D ¼ 666 kHz) with a 7.5% prob-
ability of decay via the 6P3=2 → 5S1=2 transition to produce
420-nm fluorescence [28]. The 420-nm fluorescence pro-
vides a measure of the transition rate into the excited state
and thus enables inference of the 780-nm absorption caused
by the two-photon transition. Direct observation of the
780-nm absorption is masked by backscattered infrared
light from the ECF faces and vacuum windows.
Figure 2(b) shows the optical setup. The 780-nm laser
is an extended cavity diode laser, and the 776-nm laser
is a titanium:sapphire laser. The 776-nm laser is typically
held at a fixed frequency, while the 780-nm is scanned
over 10 GHz.
The chamber, containing a l ¼ 30 cm length of the ECF,
is heated to a temperature of T ¼ ð85 5Þ °C to increase
the Rb vapor density to N¼ð2.20.8Þ×1018 atomsm−3.
The two lasers are launched into either end of the ECF to
produce counterpropagating fields enabling Doppler-free
spectroscopy of the two-photon transition. The beams are
coupled through windows at either end of the chamber
using 20-mm aspheric lenses. Initially, the transmission
through the ECF is ð12.5 2.5Þ%. The ECF’s low loss
implies that this is due to poor coupling efficiency from
optical-mode mismatch. Exposure to the Rb vapor over a
period of 2 months degraded the transmission to
ð1.0 0.2Þ%, associated with a Rb metallic layer on the
surface of the fiber’s exposed core generating an additional
loss of 0.37 dB cm−1. Similar effects are observed with a
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FIG. 1. (a) A scanning electron microscope image of the
exposed-core fiber. (b) Cutback loss measurement of ECF
showing < 0.2 dBm−1 loss from 450 to 1650 nm. An OH−
absorption is visible at 1360 nm. Dashed lines indicate the
operating wavelength and loss. (c) Finite element model of the
power distribution of the fundamental mode. (d) Cross section
through the optical mode at x ¼ 0, indicated by the dashed line in
(c). The horizontal line indicates the edge of the silica core. The
scale bar shows color scaling for (c)–(e). (e) Experimental near-
field mode image observed from the ECF.
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FIG. 2. (a) Energy-level diagram of the two-photon transition
used. Excitation lasers (solid lines) and relevant decay paths
(dashed) are indicated. (b) Experimental setup: PBS, polarization
beam splitter; HWP, half-wave plate; ECF, exposed-core fiber;
PMT, photomultiplier tube.
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tapered optical fiber [19]. A second pair of laser beams
(reference beams) passes through the vacuum chamber to
measure the two-photon transition in a free-space vapor.
Two-photon fluorescence from either the ECF or the
reference beams is detected by using a photomultiplier
tube (PMT) positioned above a vacuum window. A
dichroic filter prevents detection of scattered infrared
light. During measurements of the fiber, the reference
beams are blocked to eliminate background fluorescence.
Synchronous detection is used to improve rejection of
unwanted backgrounds and increase sensitivity. The 780-
nm laser is amplitude modulated with a mechanical beam
chopper at 3 kHz which is detected by the PMT as an
amplitude modulation imprinted on the two-photon fluo-
rescence. A lock-in amplifier demodulates the PMT
output to measure the amplitude of the two-photon
fluorescence.
IV. MODELING
The two-photon fluorescence is modeled by using a
five-level atomic model, consisting of the intermediate
and excited states j5Pi and j5Di, a decay path j6Pi, and the
two ground states arising from hyperfine splitting, j5S1i
and j5S2i; see Fig. 2(a). In the atomic frame, detuning
from the intermediate and two-photon state is expressed
as Δi ¼ ωSP − ω780ð1 − vz=cÞ and Δe ¼ ðωSP þ ωPDÞ−
ω780ð1 − vz=cÞ − ω776ð1þ vz=cÞ, respectively; see
Fig. 2(a). States j5S1i and j5Pi are coupled by a laser
with Rabi frequency ΩspðtÞ, while a laser of strengthΩpdðtÞ
couples the states j5Pi and j5Di. The j5Pi, j5Di, and j6Pi
states decay into the ground-state manifold with known
branching ratios [28,29]. The evolution of a particular atom
crossing an optical mode is governed by the optical Bloch
master equations [30]:
_ρ ¼ −i½H; ρ
þ
X
5Si
ðΓ5P5SiD½j5Pih5Sijρþ Γ6P5SiD½j6Pih5SijρÞ
þ Γ5D5PD½j5Dih5Pjρþ Γ5D6PD½j5Dih6Pjρ ð1Þ
with interaction Hamiltonian
H ¼ Δej5Dih5Dj þ Δij5Pih5Pj
þ

ΩspðtÞ
2
j5Pih5S1j þ
ΩpdðtÞ
2
j5Dih5Pj þ H:c:

þ ω6Pj6Pih6Pj þ ω5S2 j5S2ih5S2j: ð2Þ
The two-photon scattering rate at a given time t is propor-
tional to SðtÞ ¼ NAlΓ5Dh5DjρðtÞj5Di, where N is the
number density of the Rb vapor, A is the optical-mode
area, l is the interaction length, Γ5D ¼ Γ5D5P þ Γ5D6P is the
excited-state decay rate, and the excited-state population
is h5DjρðtÞj5Di.
For conditions where the light-field crossing time is
much shorter than the excited-state lifetime, the thermal
motion of the atoms cannot be ignored [31,32]. Atoms with
different speeds and trajectories will experience different
time-dependent Rabi frequencies ΩspðtÞ and ΩpdðtÞ. We
average the absorption over the Maxwell-Boltzmann dis-
tribution similar to that presented in Ref. [32] by using
F ¼ FðzÞv0 ðvzÞFðtÞv0 ðvtÞ, where FðzÞv0 ðvzÞ is the atoms’ axial
Maxwell-Boltzmann velocity distribution and FðtÞv0 ðvtÞ is
the atoms’ transverse Maxwell-Boltzmann speed distribu-
tion with v0 ¼ ð2kBT=mÞ1=2. For a Gaussian beam, the
final scattering-rate expression, averaging over axial veloc-
ity vz and transverse speed vt, takes the form
SðΔi;ΔeÞ ¼
Z
r
−r
Z
2π
0
Z
∞
0
Z
∞
−∞
F S¯ðvtÞdvtdvzdθdx; ð3Þ
where r is the Gaussian mode’s electric field 1=e
half-width. The averaged scattering rate S¯ is evaluated
by transformation of its parameter space to that of the
atomic transit time using the relationship vt ¼ d=τ, where d
is the length of the chord through the Gaussian mode’s
electric field that the atom passes through, such
that S¯ðτÞ ¼ R τ0 SðtÞdt.
In contrast, the elongated aspect ratio of the evanescent
field allows us to treat all atoms as if they are leaving the
fiber traveling parallel to the y axis of Fig. 1 from x ¼ 0.
The final scattering rate, averaging over axial velocity vz
and transverse speed vt, takes the form
SðΔi;ΔeÞ ¼
Z
∞
0
Z
∞
−∞
F S¯ðvtÞdvtdvz: ð4Þ
We calculate the expected line shape from Eqs. (3) and
(4) for the two situations, free-space excitation and ECF
excitation:
SðΔi;ΔeÞ ∝ NAlI780I776e−ðΔi=σDÞ2LðΔeÞ; ð5Þ
where I780 and I776 are the intensities of the 780- and
776-nm laser, respectively, and σD ¼ ωSPv0=c is the
Doppler broadening of the intermediate state. The line-
shape function takes the form
LðΔeÞ ¼

e−njΔe τ¯j Γ5Dτ¯ ≪ 1;
VðΔe;Γ5P þ Γ5D; σPTÞ Γ5Dτ¯ ≫ 1;
ð6Þ
where the average transit time is τ¯, VðΔe;Γ5P þ Γ5D; σTPÞ
is a Voigt profile with detuning Δe, the Lorentzian
component full width at half maximum of Γ5P þ Γ5D,
and σTP ¼ v0ðωPD − ωSPÞ=c is the Doppler broadening
Gaussian 1=e half-width. For atoms that experience a
decaying exponential evanescent-field profile, such as
the mode profile of the ECF, n ¼ 2, whereas n ¼ 1 for a
Gaussian optical-mode profile [31].
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V. RESULTS
A. Spectral line shape
Figure 3 presents experimental measurements of the
fluorescence resulting from excitation via free-space refer-
ence beams (green line) and with beams guided by the ECF
(red line). The spectral line shapes are seen to be consistent
with Eqs. (5) and (6): The ECF excitation shows a
broadened line shape characteristic of transit-time-limited
light-atom interactions, while the free-space excitation
shows a more conventional Voigt profile. The free-space
vapor fluorescence line shape shows a Voigt profile, with a
full width at half maximum of ð135 15Þ MHz produced
through strong power broadening of the intermediate 5P3=2
state, producing an effective broadening of Γ5P [33–35].
Equations (3) and (4) are evaluated in the low-
optical-power limit, where ΩspðtÞ;ΩpdðtÞ < Γ5D and
ΩspðtÞ;ΩpdðtÞ < Γ5P5Si . Extending this theory to higher
powers produces power broadening on the j5Sii→ j5Pi
transition with a similar dependence reported within
Refs. [33–35]:
ΓFWHM ¼ Γ5D þ sΓ5P
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þΩsp=Ωsat
q
; ð7Þ
where s ¼ ðωSP − ωPDÞ=ωSP, for this configuration is
s ≈ 0.005, the intermediate, j5Pi, state decay rate is
Γ5P ¼ Γ5P5S1 þ Γ5P5S2 , and Ωsat is the transition’s effective
saturation Rabi frequency. Power broadening of this two-
photon transition has previously been experimentally
investigated within a hollow-core fiber geometry [12]
showing agreement with Eq. (7).
The main feature in Fig. 3 is fluorescence from the
Doppler-free two-photon transition excited from the coun-
terpropagating beams. Weaker features are evident when
detuning from double resonance (Δi ¼ 0, Δe ¼ 0), indi-
cated by arrows in Fig. 4. These features originate from the
two-photon transition being excited from copropagating
beams originating from backreflections off the fiber end
faces. When on resonance with the excited state, the
copropagating fluorescence occurs when
Δe ¼ δSP þ δPD þ
vz
c
ðω780 þ ω776Þ ¼ 0; ð8Þ
where δSP ¼ ωSP − ω780 and δPD ¼ ωPD − ω776. The
780-nm laser is on resonance with the velocity class vz
for the intermediate transition δSP ¼ −ω780vz=c. As a
result, Eq. (8) shows that the only atoms that can be
excited to the two-photon state are the atoms with a velocity
of vz: δPD ¼ −ω780vz=c. This tight constraint placed on the
atom’s velocity due to the copropagating two-photon
transition produces narrow velocity-selective spectra.
The co- and counterpropagating contributions tune
differently with the driving laser frequencies due to the
different laser configurations, seen in Fig. 4. The copro-
pagating fluorescence satisfies Eq. (8), whereas the coun-
terpropagating excitation satisfies the equation
Δe ¼ δSP þ δPD þ
vz
c
ðω780 − ω776Þ ¼ 0: ð9Þ
The result is that the ratio of detunings for the cop-
ropagating case follows δSP=δPD ¼ 1, whereas the coun-
terpropagating case follows δSP=δPD ¼ −1 due to energy
conservation.
When doubly resonant, the copropagating and counter-
propagating contributions lie at the same frequency, dis-
torting the line shape. This leads to a distortion of the
observed transition strength and spectral linewidth which is
highlighted in Fig. 5 and discussed below.
B. Transit-time broadening
The Doppler-free counterpropagating two-photon fluo-
rescence signals, shown in Fig. 3, are fitted with Eq. (5),
giving an estimate for the average transit time as
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FIG. 4. Fluorescence from the ECF detected at the PMT
showing the presence of copropagating fluorescence (indicated
by arrows) alongside counterpropagating fluorescence for differ-
ence intermediate-state detunings. The frequency axis is relative
to the 85Rb D2 Fg ¼ 3 → F0 ¼ 4 transition.
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τ¯ ¼ ð470 80Þ ps. We obtain the same value of τ¯ for both
Rb isotopes, and little statistically significant variation is
seen as a function of intermediate-state detuning; see Fig. 5.
Spectra near resonance with the intermediate transition are
not shown, as the results are skewed by the presence of
copropagating features overlapping the counterpropagating
spectra; see Fig. 4. Combining the measured transit time
with the mean thermal velocity v0 ¼ ð262 2Þ ms−1 at
T ¼ ð85 5Þ °C predicts an evanescent-field scale length
of d ¼ ð120 20Þ nm, in excellent agreement with the
modeled field extent of d ¼ ð118 2Þ nm.
C. Transition strength
The transition strength is investigated as a function of
intermediate-state detuning Δi for fixed laser intensities
I780 and I776 and Δe ¼ 0; see Fig. 5. It is evident that the
transition strength has a predominately Gaussian profile in
accord with Eq. (5) associated with inhomogeneous
Doppler broadening of the intermediate transition. The
three measurements that are doubly resonant (Δi ¼ 0,
Δe ¼ 0, shown lighter in Fig. 5) show additional fluores-
cence. This effect is due to multiple excitation paths into the
excited state that are opened through weak backreflections
in the apparatus, seen in Fig. 4. By excluding these points,
we find a Gaussian 1=e half-width of ð360 17Þ MHz.
This behavior is expected from the thermal distribution of
Rb atoms in combination with the intermediate-state
hyperfine structure, which predicts an intermediate 1=e
Gaussian half-width of ð350 2Þ MHz.
Figure 6 shows the dependence of the fluorescence on
the transmitted powers when driving the 85Rb Fg ¼ 3 and
87Rb Fg ¼ 2 transitions in double resonance, Δi ¼ 0 and
Δe ¼ 0. The fluorescence shows proportionality to the
product of the laser intensities, as expected from Eq. (5).
D. Fiber absorption strength
The key figure of merit for this highly nonlinear platform
is the cross sensitivity of the absorption coefficient in one
mode to power in the second mode. We need estimates of
the fraction of power from each mode that are coupled to
the Rb vapor as well as the effective absorption coefficient
for the 780-nm beam from the observed fluorescence.
We calculate the absorbed power for the highest powers
used in the experiment, which is 12 μW and 1.3 mW of
transmitted power for the 780- and 776-nm beam, respec-
tively. At these powers, the PMT measures ð750 50Þ fW
of 420-nm fluorescence (see Fig. 6), corresponding to
14 nW of fluorescence emitted along the ECF length,
accounting for the PMT collection efficiency of 5.4 × 10−5.
The two-photon transition rate is calculated from this by
allowing for various decay branches from the excited state:
a nonradiative decay branch of 50% due to collision with
the silica fiber structure; and only 7.5% of the radiative
decays result in 420-nm fluorescence [28]. This yields an
absorbed power of 0.2 μW corresponding to a fractional
absorption of A ¼ 1.7% relative to the transmitted 780-nm
beam. This corresponds to each atom within the evanescent
field scattering an average of 0.4 photons per excited-state
lifetime Γ5D.
The absorption coefficient of the two-photon transition,
αTP, is related to the fiber’s transmission T , which is
expressed in a modified Beer-Lambert law:
T ¼ T F=T 0ð1 −AÞ ¼ e−lðαRbþαTPFÞ; ð10Þ
where T F ¼ ð1.0 0.2Þ% is the transmission of the fiber
when detuned from both the two-photon and intermediate
transitions, A ¼ 1.7% is the two-photon fractional absorp-
tion, T 0 ¼ ð12.5 2.5Þ% is the original transmission prior
to ECF exposure to Rb, l ¼ 0.3 m is the fiber length, αRb ¼
0.084 cm−1 (corresponding to 0.37 dB cm−1) is the fiber
loss due to Rb degradation, and F ¼ 7 × 10−5 is
the fraction of the guided mode on the exposed side of
the core. Equation (10) suggests that the two-photon
absorption coefficient within the evanescent field is
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αTP ¼ 8.3 cm−1 for the 780-nm beam at the largest powers
shown in Fig. 6.
We find that this agrees with that reported in a tapered-
fiber experiment [14]. Taking into account a different
fraction of power within the evanescent field, interaction
length, rubidium vapor temperature, evanescent-field
area, and probing power, we find agreement between the
two experiments within the knowledge of experimental
parameters to show a ratio of 1.0þ0.9−0.5 .
VI. DISCUSSION
A clear pathway towards a platform of high utility to the
quantum information community can be seen. The next
generation of ECF to be manufactured with an effective
core size of 1 μm would generate intensities outside the
silica core of 500 MWm−2 per milliwatt of guided power
[36,37]. These ECFs would deliver a substantial improve-
ment when compared to the 7.5-μm fiber described here: A
1-μm ECF has a smaller evanescent-field area A ¼ ð0.11
0.02Þ μm2 and a fraction of the guided mode on the
exposed side of the core, F ¼ 2 × 10−2, resulting in
approximately 2240 times stronger interaction with the
Rb vapor. An additional increase in absorption strength can
be gained by elevating the operating temperature to T ¼
200 °C to increase the Rb density. Under these conditions, a
single photon in the 776-nm guided mode per atomic transit
time will deliver an absorption coefficient of αTP ≈ 1 cm−1
in the 780-nm mode resulting in near 50% absorption
over the same length fiber. Implementing techniques
such as light-induced atomic desorption and fiber heating
are shown to eject Rb off fiber surfaces, thus potentially
decreasing the fiber loss due to Rb deposition [19,25,38].
Furthermore, separate work shows low-loss splicing
of ECF to a conventional solid-core single-mode fiber
[39], opening the way to a convenient architecture for
generating a strong light atom and, thus, photon-photon
interactions via two-photon interactions. A demonstration
of this nature would be highly significant for quantum
photonics.
VII. CONCLUSION
In conclusion, we demonstrate that ECFs possess
low-loss guidance between 400 and 1700 nm, crucial
for quantum-logic applications. The potential of this
fiber for use in quantum-logic applications is further
demonstrated through generating strong photon-photon
interactions utilizing the Rb two-photon transition
5S1=2 → 5D5=2. A two-photon absorption coefficient of
8.3 cm−1, corresponding to a total absorption of 1.7%, is
observed in one laser mode when the second mode is
driven with 1.3 mW. Two-photon spectra enable meas-
urement of the evanescent-field scale length to be
ð120 20Þ nm, in excellent agreement with the modeled
fiber mode ð118 2Þ nm. Projection to a 1-μm core fiber
shows that a single 776-nm photon per atomic transit
time would result in approximately 50% absorption of a
780-nm photon. This architecture offers great promise in
the field of all-optical switching or for quantum-logic
gates where two-photon absorption at low power levels is
required.
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